Interconnected porous tricalcium phosphate ceramics are considered to be potential bone substitutes. However, insufficient mechanical properties when using tricalcium phosphate powders remain a challenge. To mitigate these issues, we have developed a new approach to produce an interconnected alpha-tricalcium phosphate (α-TCP) scaffold and to perform surface modification on the scaffold with a composite layer, which consists of hybrid carbonate apatite / poly-epsiloncaprolactone (CO 3 Ap/PCL) with enhanced mechanical properties and biological performance. Different CO 3 Ap combinations were tested to evaluate the optimal mechanical strength and in vitro cell response of the scaffold. The α-TCP scaffold coated with CO 3 Ap/PCL maintained a fully interconnected structure with a porosity of 80% to 86% and achieved an improved compressive strength mimicking that of cancellous bone. The addition of CO 3 Ap coupled with the fully interconnected microstructure of the α-TCP scaffolds coated with CO 3 Ap/PCL increased cell attachment, accelerated proliferation and resulted in greater alkaline phosphatase (ALP) activity. Hence, our bone substitute exhibited promising potential for applications in cancellous bone-type replacement.
Introduction
The open porosity of scaffolds is known to promote cell attachment, proliferation, and differentiation, and supports the vascularization of bone in growth [1] . Therefore, 3D interconnected structure scaffolds with high porosity have received much attention [2] [3] [4] . Promising materials for the development of scaffolds for bone tissue engineering include calcium phosphate bioceramics, i.e. hydroxyapatite (HA), tricalcium phosphate (TCP) and biphasic calcium phosphate (BCP) [1, 5] . Currently, porous calcium phosphate scaffolds are prepared using a number of manufacturing techniques, including polymer foam replication, gel-casting, foaming, etc [6] [7] [8] [9] [10] [11] . Amongst these methods, polymer foam replication could be the best to produce a full 3D interconnected structure and allow the fabrication of a reproducible structure as well as large-scale production. The porous calcium phosphate scaffold produced using this method exhibits a porosity greater than 80%, similar to that of the cancellous bone structure.
Porous HA has been extensively studied for the reconstruction of bone defects. However, it exhibits limited bioresorbability for new-bone formation [12] . In contrast, α-tricalcium phosphate (α-TCP) is a biodegradable bioceramic, which can be a good candidate for the fabrication of bone substitutes.
Although calcium phosphate ceramics have high bioactivity and osteoconductivity, their applications are limited due to their inherent brittleness, low elasticity and low fracture toughness. In addition, the native composition of bone tissue is known to be a composite of calcium phosphate ceramic and collagen with an Development of a bone substitute material based on alpha-tricalcium phosphate scaffold coated with carbonate apatite/poly-epsilon-caprolactone 2 L T Bang et al interconnecting structure. Thus, the combination of ceramic with polymer for the synthesis of a hybrid scaffold has been widely investigated [4, 13] .
Porous calcium phosphate (CaP) scaffolds have been coated with polymers to enhance their mechanical properties [2, 14, 15] and tissue integration [16] . However, the use of a polymer coating alone is believed to hinder bioceramic exposure because the surfaces are hydrophobic and exhibit a lack of cell-recognition signals [17] , thus reducing bioactivity and tissue compatibility with the CaP matrix [18] . To mitigate these problems, the calcium phosphate powder hydroxyapatite has been hybridized with the polymer coating on the calcium phosphate matrix. This bioactive inclusion coating exhibits bioactive behaviour for the polymer phase and improves mechanical and biological properties [1, 9] . However, very few researchers have studied the bioactive inclusion of ceramics and polymer coatings, and the use of a ceramic phase has been limited to hydroxyapatite. In addition, the physical and mechanical properties of the scaffold have not been thoroughly investigated.
It is known that the inorganic component of bone is not stoichiometric HA but rather carbonate apatite (CO 3 Ap), which contains up to 8 wt% of carbonate in the apatite structure [19] . CO 3 Ap has the ability to provide a surface for osteoclasts to resorb and to form new bone [20] . Thus, CO 3 Ap is an excellent candidate as a bone substitute material. However, CO 3 Ap is not stable at the temperature required for the sintering process. The use of a CO 3 Ap/polymer inclusion for the coating of a porous calcium phosphate ceramic could have potential because there is no heat treatment cycle required after coating. Therefore, the aim of this work is to thoroughly evaluate the mechanical and biological properties of an α-TCP scaffold coated with a CO 3 Ap-PCL hybrid inclusion.
It has been said that an α-TCP scaffold is the most soluble calcium phosphate bioceramic, which has a substantially high reactivity over 10 d [21] . PCL has been used to compensate for the solubility of α-TCP for long-term implantation because the degradation of PCL is remarkably slow, requiring 3 years for complete removal from the body [1] . However, CO 3 Ap has high solubility under weak acidic conditions for osteoclast activity during bone remodelling [22] . Therefore, a CO 3 Ap-PCL hybrid coating for an α-TCP scaffold could trigger the bone remodelling process and thus rapid bone formation.
This paper presents the preparation of an α-TCP scaffold from calcium carbonate (CaCO 3 ) and calcium hydrogen phosphate di-hydrate (CaHPO 4 2H 2 O) at high temperature using a solid-state reaction and foam replication method in a single process. Surface modification of the scaffold with a composite of the CO 3 Ap-PCL hybrid is performed to improve both mechanical and biological properties. This is the first report that uses the CO 3 Ap-PCL hybrid for coating. PCL was chosen due to its biocompatibility and low emission of harmful by-products during the implantation process. This research also focuses on CO 3 Ap powder preparation and the characterization of fabricated α-TCP coated with a CO 3 Ap/PCL scaffold. Scaffolds with different CO 3 Ap:PCL coating ratios were investigated for mechanical strength and biological cell performance.
Experimental procedure
2.1. Preparation of the carbonate apatite (CO 3 Ap) powder CO 3 Ap was prepared by a precipitation method using Ca(OH) 2 (96% purity, Fluka, UK) and H 3 PO 4 (15 M, Merck, Germany) with CO 2 gas (the carbonate source) as the outlet flux flowing at 0.5 bubbles s −1 according to the method described in our previous study [23] . Initially, a solution of 300 ml of 1 M H 3 PO 4 was gradually added to 500 ml of 1 M Ca(OH) 2 under vigorous stirring at 400 rpm and at a temperature of 40 ± 1 °C, and during the reaction, CO 2 gas was passed through the reaction flask. The as-synthesized CO 3 Ap powder was characterized using an x-ray diffractometer (XRD, D8 Advance A25 Bruker AXS GmbH., Germany) for phase identification and Fourier transform infrared spectroscopy (FTIR; Perkin-Elmer FT-IR 2000, FTIR spectrometer) for identification of the functional groups present, such as OH − , PO and CO . 4 
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2− The particle size of the powder (with ultrasonic dispersion) was measured using a Malvern Mastersizer X (Malvern Instruments, Malvern, UK). The carbonate content of the CO 3 Ap powder was analysed using an elemental analyser (CHN test; Perkin Elmer series 2, 2400 CHNS/O). O at a Ca/P molar ratio of 1.5 were prepared. The details of the fabrication were described in our previous work [24] . Briefly, the polyurethane foam was dipped in CaCO 3 + CaHPO 4 2H 2 O slurry, followed by drying at 60 °C for 1 d. The polyurethane coated with powder was then heat-treated at 1500 °C to obtain an α-tricalcium phosphate (α-TCP) scaffold.
Fabrication of the α-Tricalcium

CO 3
Ap-PCL hybrid coating on the α-TCP scaffold A predetermined amount of CO 3 Ap powder was dispersed in tetrahydrofuran (THF, Wako, Osaka, Japan) by sonication and was stirred for 30 min before adding PCL. The CO 3 Ap:PCL weight ratios used for coating were varied, viz. 1/3, 2/3 and 3/3 (wt/wt). The resultant mixture was continuously stirred until the PCL was totally dissolved and a homogeneous solution was obtained. For identification purposes during discussion, the α-TCP scaffolds coated with different CO 3 Ap:PCL weight ratios were labelled as α-TCP (1/3), α-TCP (2/3) and α-TCP (3/3). The α-TCP scaffolds were then dipped into the CO 3 Ap/PCL mixture, followed by vacuum filtration for 5 min. The excess solution was removed by centrifugation (60 rpm) and blown with compressed air. The coated α-TCP scaffolds were then dried in a vacuum oven (AVO-200 N; As One, Osaka, Japan) at 37 °C for 5 d to remove any residual solvent.
Characterization of the α-TCP specimens
Before and after coating, the α-TCP specimens were characterized for the functional bands of the α-TCP, CO 3 Ap and PCL. An α-TCP scaffold coated with PCL was also prepared and analysed for comparison purposes. The cross-section microstructure of the α-TCP specimens was observed by scanning electron microscopy (SEM: S-3400 N, Hitachi HighTechnologies Co., Japan). The specimens were sputtercoated with gold prior to SEM observation and observed under an accelerating voltage of 10 kV. The CO 3 Ap/PCL content deposited on the α-TCP scaffold was determined by taking the difference in mass of the α-TCP specimens (before and after coating) and normalizing the result as a weight percentage of the CO 3 Ap/PCL-coated α-TCP specimen.
The bulk density of the sample was determined by a pycnometer method. The porosity of the specimens was calculated from the apparent and bulk densities [16] .
The compressive strengths of the α-TCP specimens were determined by crushing a cuboid specimen (~12 × 15 mm) using a computer-controlled universal testing machine (Autograph, AGS-J, Shimadzu, Japan) with a cross-speed of 1 mm min −1
. Ten identical specimens for each sample group were used in the compressive test. During loading, the applied force was recorded and the compressive strength was determined at the maximum load before the sample was crushed.
Biocompatibility of the scaffolds: in vitro test with cell culture
Biocompatibility studies were carried out on the different α-TCP specimens, i.e. before and after coating with CO 3 Ap/PCL. The α-TCP (1/3) and α-TCP (3/3) specimens were used in this study with the consideration that low and high CO 3 Ap:PCL ratio content would give significant results. The α-TCP specimen coated with PCL was also used as a control, hereafter referred to as the α-TCP/PCL sample. Before carrying out the in vitro experiment, the α-TCP specimen (~12 × 15 mm) was sterilized according to a procedure described elsewhere [24] . Briefly, the α-TCP specimen was immersed in ethanol 70%, and then rinsed 3 times with phosphate buffer saline (PBS). It was then placed in a culture medium for 24 h prior to cell seeding. Each experiment was performed in quadruples (n = 4) for each group.
Bone marrow stromal cells were harvested from young Sprague-Dawley (S-D) rats obtained from the Animal House, Universiti Sains Malaysia, Penang. Briefly, the femurs and tibiae of the 4 week-old rats were aseptically removed, and the soft tissue was cleaned. The experimental procedure was conducted in accordance with the internationally accepted principles for laboratory animal use and care with the approval of the Institutional Ethics Committee of the Animal Ethical Committee (USM/Animal Ethics Approval/2010/(59) (261)). After the removal of the epiphyses, the bone stromal marrow was flushed out from the medullary cavity with an α-modified minimum essential medium (α-MEM; GIBCO, Invitrogen ™ , NY, USA). The cells were then collected by centrifuging at 12 000 rpm for 5 min and washed 3 times with α-MEM. The bone marrow cells were cultured in growth media [25, 26] with α-MEM containing 15% heat-inactivated fetal bovine serum (FBS; GIBCO, Invitrogen ™ , NY, USA) and 1% antibiotic penicillin-streptomycin (GIBCO, Invitrogen ™ , NY, USA) and incubated at 37 °C with 5% CO 2 in a 100% humidified atmosphere. The medium was changed every 2 d. Once the cells reached confluence (contact inhibition), the adherent cells were harvested and passaged using 0.25% trypsin-EDTA (Trypsin; GIBCO, Invitrogen ™ , NY, USA). The cells at passage three were used to seed the specimens. For the differentiation experiment, bone marrow cells were cultured in an osteogenic medium consisting of the aforementioned growth medium, 100 nM dexamethasone (Sigma), 10 mM β-glycerophosphate (Sigma) and 50 μg mL ascorbic acid (Wako) [25] [26] [27] . The initial cell attachment, cell morphology, cell proliferation and cell differentiation were evaluated.
Initial cell attachment and cell morphology
The initial cell attachment of the bone marrow cells on the α-TCP specimens was evaluated by determining the number of cells attached to the specimens after 4 h of incubation. An initial density of 6 × 10 4 cells/well was loaded on the α-TCP specimens. After incubation, the specimens with the cells were rinsed with PBS, and the cells were detached with trypsin-EDTA solution at 37 °C for 3 min. The cells (in 4 × 10 −4 ml solution) were then counted using a haemocytometer (Burker-Turk counting chamber, ERMA Inc., Tokyo, Japan).
The cell morphology after 4 h of seeding was observed by SEM. For this purpose, the α-TCP specimens with the cells were rinsed gently with PBS and fixed with 3% glutaraldehyde (SIGMA) in sodium phosphate buffer at 4 °C for 2 h. Subsequently, the specimens with the cells were dehydrated in a graded series of ethanol solutions (50, 60, 70, 80, 90 and 100%) for 30 min each at 4 °C. The specimens were dried in hexamethyldisilazane (HMDS, Wako, Japan) for 30 min. After complete evaporation of the HMDS, the specimens were sputtered with a thin gold film and visualized by SEM.
Proliferation test
The alamarBlue dye test (AlamarBlue ™ ; BioSource International Inc., Camarillo, CA, USA), a fluorometric indicator of cell metabolic activity, was performed to determine the cell viability and proliferation on the α-TCP specimens after 3, 5, 7 and 9 d. At each time point, the specimens with the cells were washed with the culture medium and cultured in 10% alamarBlue in the incubator for 4 h. The resulting 200 µl solution was removed from the specimens and placed in a 96-well clear-bottom plate, and the fluorescence was measured at room temperature on a micro-plate reader (Tecan infinite M200, Austria GmbH, Grödig, Austria) using excitation and emission wavelengths of 520 and 590 nm, respectively. A cell number was obtained through a calibration curve determined by correlating a known cell number with the fluorescent intensity of the solution.
Alkaline phosphatase activity
Alkaline phosphatase (ALP) activity was measured by LabAssay ™ ALP (Wako, Japan) using p-nitrophenyl phosphate as the substrate based on the Bessey, Lowry and Brock method [28] . At the end of each time point, the cells attached to the specimens were rinsed twice with PBS, followed by trypsinisation and scraping into distilled water [26] . The membrane of the cells was disrupted by ultrasonic vibration (25 kHz) and incubated with 100 µl of a p-nitrophenyl phosphate solution at 37 °C for 30 min. The production of p-nitrophenol in the presence of ALP was measured by monitoring light absorbance at 405 nm using the micro-plate reader. The process was repeated 2 times for each time scale per specimen. The total protein content was determined using a bicinchoninic acid (BCA) protein assay kit (Pierce Chemical Co., USA) and the absorbance of the 562 nm wavelength was read by the micro-plate reader. A calibration curve was fitted, and ALP activity was expressed as unit per mg of protein. The results were statistically analyzed by ANOVA with Scheffe's test at a significant level of 5%.
Results
Characterization of the synthesized CO 3 Ap powder and α-TCP foam specimens
The XRD pattern of the as-synthesized CO 3 Ap powder is shown in figure 1 . The pattern corresponds to the pure HA phase with broad peaks indicating the low crystallinity of the powder. The functional groups of the CO 3 Ap powder were determined using FTIR analysis, as shown in figure 2 [30, 31] .
The mean particle size of the CO 3 Ap powder was 1.05 μm and the size distribution was in the range of 0.57-6.80 μm. The carbonate content of the assynthesized CO 3 Ap powder was determined to be about 10.75 wt%. The FTIR spectra of the different α-TCP scaffolds are summarized in figure 3 . The α-TCP specimen spectra before and after coating showed the presence of PCL and CO 3 band shifts were observed in the spectrum, indicating that no chemical reactions occurred between the calcium phosphate ceramic and polymer phases. Thus, these results confirmed that the CO 3 Ap/PCL coating was deposited on the α-TCP framework. Figure 4 shows the macroporous structure of the different α-TCP scaffolds. All showed an interconnecting porous structure regardless of the amount of Biomed. Mater. 10 (2015) 045011 CO 3 Ap used for coating. Pore size was estimated to be 400-700 μm based on SEM measurement.
The SEM microstructure images at high magnification of the α-TCP scaffolds before and after coating with CO 3 Ap/PCL are shown in figure 5 . The pure α-TCP scaffold exhibits an interconnecting structure with a rough surface, as shown in figure 5(a) . This structure remained after coating with CO 3 Ap/PCL regardless of the CO 3 Ap:PCL ratio ( figures 5(b)-(d) . No blocking of pores is observed. In addition, there was no difference in the surface morphology of the coated α-TCP scaffolds (α-TCP (1/3), α-TCP (2/3) and α-TCP (3/3)). However, for the pure α-TCP scaffold ( figure 5(a) ), the surface changed significantly. Crack-like defects of the α-TCP were filled with the CO 3 Ap/PCL composite coating, as suggested by the smooth surface of the coated α-TCP scaffolds. Therefore, the SEM images indicated that the CO 3 Ap/PCL was deposited on the α-TCP framework.
At the cross-section of the struts (figures 5(e)-(h), the layer of CO 3 Ap/PCL embedded well on the struts of the α-TCP, which resulted in the formation of fibrils at the breaking location (PCL fibrils at the edge where the implant was broken for observation), as indicated by the black arrows (figures 5 (f)-(h). In addition, the CO 3 Ap/PCL layer is found on the surface of the α-TCP; however, the strut still remains unoccupied, and a void structure is observed, as shown by the dashed white arrows in figures 5(e)-(h). This void structure could be utilized if the material is used as a drug delivery system because drugs could be loaded inside the void space. Table 1 summarizes the mechanical properties of the α-TCP specimens before and after coating with CO 3 Ap/PCL at different CO 3 Ap:PCL coating ratios. The amount of CO 3 Ap/PCL deposited on the α-TCP framework increases with an increase of the CO 3 Ap:PCL content used for the coating. The porosity of the α-TCP scaffold before coating is approximately 91%. However, after coating with CO 3 Ap/PCL, the porosity decreases to approximately 80-86%. For the compressive strength measurement, it is found that the α-TCP specimens are able to withstand a maximum compressive stress of approximately 30 ± 10 kPa, while the α-TCP specimens coated with CO 3 Ap/PCL have a compressive strength of 243 ± 8 to 430 ± 5 kPa. Obviously, coating with CO 3 Ap/PCL significantly enhances the mechanical properties of the α-TCP scaffolds. The improvement of mechanical strength of the α-TCP coated with the CO 3 Ap/PCL composite can be explained by the stretching of the polymer phase at the breaking points, as shown in figure 6 , and the decrease of porosity. The α-TCP scaffold before coating exhibited a disruption due to brittleness ( figure 6(a) . On the contrary, the α-TCP scaffold after coating with CO 3 Ap/PCL (figure 6(b) was observed to have fibrils at the breaking points.
Physical and mechanical properties of the α-TCP foam specimens
In vitro cell study 3.3.1. Initial cell attachment and cell morphology
The initial cell attachment of the bone marrow stromal cells to the α-TCP specimens after 4 h of culture is included in table 1. The cells attached well to all the surfaces regardless of the presence of CO 3 Ap/ PCL coating. Moreover, coating with the CO 3 Ap/ PCL mixture resulted in better cell attachment when compared with mere PCL coating. A higher number of cells were attached onto α-TCP (3/3), which was comparable with the pure α-TCP sample. Therefore, the addition of CO 3 Ap provided a preferable surface for the cells to attach, while the high CO 3 Ap content improved cell attachment at the beginning of culture time. Figure 7 shows the morphology of the cells adhered to the α-TCP surfaces after 4 h of culture time. Figure 7 (a) shows a representative micrograph of cell attachment to the α-TCP scaffold coated with CO 3 Ap/ PCL. We observed that the cells migrated through the pores into nearly every corner of the porous scaffold and attached onto the wall of the pores. At high image magnification (figures 7(b)-(e), the cells adhered to and spread well over all the specimen surfaces. The cells had a polygonal shape and extended long finger-like pseudopodia to come into contact with one another. Interestingly, the cells on the pure α-TCP (figure 7(b) and on the α-TCP coated with CO 3 Ap/PCL (figures 7(d) and (e) had more extended filopodia compared with the cells on the α-TCP/PCL specimen ( figure 7(c) . In addition, the α-TCP scaffolds exhibited the formation of an apatite layer after exposure to the culture medium. The α-TCP/PCL sample exhibited rough spherical cauliflower aggregates of the apatite crystal, while the α-TCP scaffolds coated with CO 3 Ap/PCL exhibited flaky-shaped apatite. Similar apatite with cauliflower aggregates was observed in a nano-hydroxyapatite/chitosan-gelatin composite immersed in SBF [32] . However, the contribution of the apatite layer on the α-TCP and α-TCP/PCL scaffolds did not extend to the whole surface; cell migration on the α-TCP/PCL scaffold was observed to be predominant at the apatite layers. On the contrary, the α-TCP (1/3) and α-TCP (3/3) specimens exhibited the apatite layer on the whole surface, which is favourable for cell attachment. Figure 8 summarizes the number of adherent cells cultured for 3, 5, 7 and 9 d on the α-TCP scaffolds with and without PCL and CO 3 Ap/PCL coatings. As previously reported [33, 34] , an implant's surface properties and surface chemistry will influence cell response at the cell-material interface, ultimately affecting the rate and quality of new-tissue formation. The dependence of cell number on surface characteristics in this study was significant during the culture periods. Upon increasing the culture duration to a 2 d interval, the cell number increased steadily. However, from day 5 of the culture onward, cell proliferations on the α-TCP and on the α-TCP scaffolds coated with CO 3 Ap/PCL were significantly higher than that on the α-TCP/PCL scaffold. Over 9 d of culture, there was no significant difference in cell proliferation on the pure α-TCP and α-TCP (3/3) scaffold.
Cell proliferation and ALP activity
The ALP activity of the cells on the various α-TCP scaffold substrates is shown in figure 9 . The ALP activity of the cells grown on the α-TCP scaffolds increases continuously with an increase in culture time of 7 to 15 d. This result suggests that these cells are able to carry out osteogenic functions and differentiate on the α-TCP specimens [2] . Overall, the α-TCP coated with CO 3 Ap/ PCL exhibited higher enzyme activity than the other scaffolds. This indicates a high number of cells differentiated into the osteoblast phenotype.
Discussion
In this study, CO 3 Ap-PCL hybrid coating was used to improve the mechanical strength and biological performance of α-TCP scaffolds. Regardless of the CO 3 Ap amount used for reinforcement, the interconnecting porous structure of the original α-TCP foam was maintained (see figure 4) . The coating layer embedded well and covered all the struts of the α-TCP surface. These properties are ideal for cell growth and the flow transport of nutrients and metabolic waste [35] . The mechanical strength of α-TCP foam can be enhanced by using a higher PCL concentration. However, our preliminary experiment indicated that a higher PCL concentration led to the clogging of pores when it was used in CO 3 Ap/PCL coating. In addition, regardless of the CO 3 Ap:PCL ratio used for the coating, a higher amount of CO 3 Ap resulted in excess CO 3 Ap powder that could not hybridize totally into the polymer phase, and the CO 3 Ap particles were not uniformly dispersed into the PCL matrix. Thus, a PCL solution concentration of 10% in THF solvent and a ratio of CO 3 Ap:PCL (wt/wt) = 1/3 to 3/3 were chosen in this study.
It has been reported that the use of a pure polymer coating can significantly improve the compressive strength and decrease the brittleness of porous ceramics [14] . For instance, carbonate apatite foam has been reinforced with poly(lactic-co-glycolic acid) (PLGA) at various concentrations to improve the compressive strength of brittle carbonate apatite foam, from 0.11 to 1.5 MPa when using 20 wt% PLGA [13] . In the present study, coating with CO 3 Ap/PCL not only improved mechanical strength by approximately 14 times but also enhanced biological response. The vacuum filtration of PCL into the α-TCP framework promotes the filling of the crack-like defects observed in the pure α-TCP scaffold ( figure 5(a) , and this procedure likely inhibits crack propagation on the final product. The mechanism to improve mechanical strength involves crack-binding by the PCL fibrils and tight adhesion between the matrix and the coating, as shown in figure 6(b) . This crackbinding behaviour exhibited by PCL is similar to that of the collagen fibrils observed in cortical bone [36] . The measured compressive strengths of these α-TCP specimens are in the range of the compressive strength of spongy bone, which is approximately 0.2-4 MPa [1] . Hence, the prepared α-TCP scaffolds showed good mechanical properties and high porosity and thus can be used as an artificial cancellous bone-type replacement.
The interaction of living cells with foreign materials is the key issue for understanding biocompatibility [37] . The initial cellular event that takes place at the biomaterial interface is the natural adhesive interaction of the cells with the extracellular matrix [38] . We investigated the in vitro cell culture of different α-TCP scaffolds by performing cell attachment, proliferation and differentiation experiments using rat bone marrow stromal cells. Cellular adhesion and subsequent proliferation on the implant surfaces are prerequisites for osteointergration. Once attached to a surface, cells grow in number to cover the entire surface before initiating differentiation [39] . When the cells were seeded on the surface of the α-TCP, α-TCP/PCL, α-TCP (1/3), and α-TCP (3/3) scaffolds, the bone stromal cells were observed for attachment after 4 h and for differentiation after 15 d of culture. In addition, the cells were well distributed on the surface of the scaffolds ( figure 7(a) . The large interconnected pore structure in combination with the cell attachment would suggest that cells would be able to migrate well into the scaffold if given enough time for extensive migration, in vitro or in vivo. The quality of the initial cell attachment to a biomaterial will influence further cell functions, i.e. migration, proliferation, and differentiation [40] . The results of this study showed that all the α-TCP specimens with or without coating exhibited good initial cell attachment. Incorporation of CO 3 Ap into PCL and into the surface of the α-TCP scaffold is expected to improve bioactivity and biological performance compared with coating with pure PCL. As shown by the SEM images (figure 7), there were only a few short filopodium extensions for the cells on the α-TCP specimens coated with PCL, suggesting the cells had poorly spread, whilst the cells on the CO 3 Ap/PCL-coated α-TCP scaffolds were polygonal and presented obvious pseudopodia, indicating more progressive attachment. Moreover, bonelike apatite was observed on the whole surface of the α-TCP coated with CO 3 Ap/PCL, while there was only partial coating on the α-TCP/PCL. In addition, the flaky-shape apatite on α-TCP (1/3) and α-TCP (3/3) provided better support for cells to attach and proliferate than the hard cauliflower apatite, as observed in the α-TCP/PCL scaffold.
The surface chemistry and topography of materials influence the establishment of osseo-integration in vivo, while the attachment of cells is the first criterion for success in vivo [34, 37, 38] . As shown in figure 8 , the CO 3 Ap-PCL hybrid coating increases the cell adhesion ratio and accelerates cell proliferation due to the synergistic effects of the added CO 3 Ap. It has been reported that a scaffold with an increased hydrophilic property keeps the cells on its surface for a longer contact period, which increases cell response regulation [41] . In this study, the CO 3 Ap/PCL coating did not block the pores of the coated scaffolds but instead created additional biocompatibility for the substrates and changed the microtopography, which contributed to a further increase in obsteoblast adhesion. As a result, the cells can adhere and proliferate better on the α-TCP with CO 3 Ap/PCL coating than on the α-TCP with mere PCL coating. Similarly, the neat PCL surface hindered cell response, and the cells attached vigorously when the surface contained CO 3 Ap (figure 8).
Cellular differentiation was conducted by evaluating ALP activity. ALP activity is an important indicator of differentiation and mineralization [42] . During osteogenic differentiation, the markers of the osteoblast phenotype appear as an expression of ALP activity. The ALP activity results indicated that the α-TCP coated with the CO 3 Ap-PCL hybrid supported the osteoblastic differentiation of the bone marrow cells, and as such, the cells differentiated more quickly when cultured on the α-TCP coated with CO 3 Ap/PCL than on the α-TCP/ PCL scaffold.
The enzymatic activity was correlated with the number of adherent cells on the substrates [34, 43] . The cell numbers steadily increased; thus, the adhesion and proliferation of a large number of cells were observed on the α-TCP coated with CO 3 Ap/PCL, resulting in high ALP activity (figures 8 and 9). The coatings with CO 3 Ap/PCL changed the chemistry of the scaffold surface and contributed to the higher ALP activity of the scaffolds compared with the PCL coating alone. In addition, the ALP activity of the cells on both the α-TCP (1/3) and α-TCP (3/3) specimens was higher than that on the pure α-TCP, and there was a slight difference in the initial cell attachment and cell proliferation. This can be explained by the low crystallinity of the CO 3 Ap used for the coating ( figure 1) . Therefore, surface chemistry could be a dominant factor for cell attachment and subsequent ALP cell activity. This result was supported by a previous work, which demonstrated that BCP coated with a hydroxyapatite needle-like nano-particle PCL hybrid caused a greater induction of ALP activity compared with BCP coated with a micro-size HA/ PCL hybrid [9] . In another study, cell function was suppressed in the presence of a nanostructure hydroxyapatite substrate [34] compared with HA that had a coarse grain. In addition, our results are in agreement with a previous study in which apatite coated on PLGA/HA exhibited greater ALP activity than PLGA/HA control scaffolds [44] .
Several researchers [2, 23] have suggested that the formation of the apatite layer mentioned earlier is the result of the release of Ca and P ions from CO 3 Ap into the medium during the bioactivity process. This mechanism agrees with previous studies on bioactivity in SBF [42, 45] . Furthermore, different studies have found similar behaviours of materials in SBF and culture media [2, 46, 47] . Other research has also demonstrated that this bone-like apatite could provide a suitable substrate for cell adhesion, proliferation and differentiation [48, 49] because this coating can function as a carrier for the controlled release of biological clues to guide cell responses [2] . As a result, there are better cell responses on the CO 3 Ap/PCL-coated α-TCP scaffolds. Therefore, the CO 3 Ap hybridized in the PCL coating could be the key factor for such enhancement.
In this research work, cell activity in terms of cell attachment, proliferation and differentiation is the first step in evaluating the biocompatibility of the α-TCP scaffolds. Although ALP activity is one of the osteoblastic cell differentiation markers used in screening, it is not a specific marker for bone formation. Quantification by immunostaining or a real-time PCR approach would be required for a better insight into bone formation.
In addition, the culture time in this work is rather short compared to the release of carboxylic acid in PCL. Although the α-TCP/CO 3 Ap/PCL demonstrated good potential to support cell attachment, proliferation and differentiation, further histological investigations are necessary to confirm the application of this material in cancellous bone replacement.
Conclusions
The mechanical properties and biological performance of the fully interconnected porous structure of the α-TCP scaffolds were improved by coating with the CO 3 Ap-PCL hybrid composite. The final products exhibit good compressive strength and excellent biocompatibility. Based on the in vitro cell study, we suggest that the presence of CO 3 Ap is the component necessary to facilitate initial cell attachment, accelerate cell proliferation and improve ALP activity during the culture period.
